Background and Objectives. The present study was conducted to evaluate the relationship between taste identification ability and body mass index (BMI) by studying the response to the administration of different taste stimuli to both sides of the tongue in three different groups of subjects. Subjects and Methods. Thirty healthy normal-weight volunteers, 19 healthy overweight subjects, and 22 obese subjects were enrolled. For each subject, the lateralization Oldfield score, body weight, height, and blood pressure were determined. The taste test is based on filter paper strips soaked with 4 taste stimuli presented at different concentrations to evoke 4 basic taste qualities (salty, sour, sweet, and bitter); pure rapeseed oil and water were also administered to evoke fat and neutral taste qualities. The stimuli were applied to each side of the protruded tongue. Subjects were asked to identify the taste from a list of eight descriptions according to a multiple choice paradigm. Results. The results showed a general lowering of taste sensitivity with the increase of BMI, except for the taste of fat with rapeseed oil as the stimulus. Other variables affecting taste sensitivity are age (negative association), gender (women generally show higher sensitivity), and taste stimuli concentration (positive association). Conclusions. Our findings could provide important insights into how new therapies could be designed for weight loss and long-term weight maintenance and how diets could be planned combining the correct caloric and nutritional supply with individual taste preferences.
Introduction
Obesity (OB), defined as a clinical condition characterized by an increased Body Mass Index (BMI), is a global epidemic in both children and adults. According to the World Health Organization, about 1.9 billion people in the world are overweight and at least 650 million of them are obese [1] . OB has been described as a worldwide pandemic, and the prevalence of overweight and obesity increased by 28% in adults and 47% in children between 1980 and 2013 [2] . Overweight and obesity are important public health problems because of their high prevalence in the population and their link with serious health morbidities such as hypertension, type 2 diabetes, hypercholesterolemia, cardiovascular disease, and certain types of cancers [3] .
OB is fueled by individual factors, nutrition transition, and increasingly sedentary lifestyles that lead to an excessive caloric intake [4] . Among individual factors, taste identification plays an important role in food preferences, choices, and thus, consumption [5] .
The taste system in humans has the peculiarity of enabling the evaluation of food for nutrients and toxicity and helping us to decide what to ingest, as well as to prepare the digestive tract for processing the nutrients introduced [6] . Humans, and possibly many other omnivores, recognize five main tastes: sweet, salty, sour, bitter, and umami. More recently, increasing evidence from human and animal studies indicate the existence of a taste modality responsive to fat, via its breakdown product fatty acids [7] , and water, via aquaporines (AQPs); in particular, AQP5 has been identified in both animal and invertebrate studies [8, 9] .
Although many factors contribute and affect the choice of food, such as the olfactory system, everyday life, and working habits, as well as physiological and psychological status, the present paper is focused on the analysis of the relationship between sensitivity to different tastants and BMI.
It has been suggested that altered taste perception could affect nutritional behavior and consequently body weight (or BMI). For example, with regard to sweet taste, results are contradictory; in some cases, higher glucose sensitivity has been linked to the inclination of developing obesity and diabetes [10, 11] . However, other studies have shown that there are no differences in sweet sensitivity between subjects with obesity and normal-weight individuals [12] . Concerning bitter and sour tastes, a reduction in taste sensitivity has been reported in subjects with BMI > 28 [13] . Not many works to date have studied the sensitivity for salty taste in obesity. Keskitalo et al. correlated BMI to the reported liking for salty fatty food [14] , and there is a general preference by obese adults for salty food [15] , thus suggesting that an alteration in salt taste sensitivity might affect eating behavior. Investigations have been conducted also on young subjects, pointing out taste sensitivity alterations in obese children and in overweight college freshmen [16, 17] .
Hypothesizing that obesity negatively affects taste identification capabilities, our investigation aimed at studying the response to the administration of different tastants (citric acid, sucrose, quinine hydrochloride, sodium chloride, rapeseed oil, and deionized water) in different groups of subjects (normal weight, overweight, and obese). Moreover, we also intended to determine whether (i) increased BMI could be related to an altered taste sensitivity; (ii) such alteration affects one or more tastes (salty, sour, sweet, bitter, fat, and water); and (iii) altered taste sensitivity could lead to increased energy intake resulting in the development of obesity.
Patients and Methods

Patients.
Thirty healthy normal-weight volunteers (18 females and 12 males, age 32 9 ± 10 0 years, BMI 21 6 ± 1 7 kg/m 2 ), 19 healthy overweight subjects (11 females and 8 males, age 55 6 ± 13 6 years, BMI 27 9 ± 1 4 kg/m 2 ), and 22 subjects with obesity (18 females and 4 males, age 49 0 ± 10 0 years, BMI 36 9 ± 5 7 kg/m 2 ) were recruited. Obese, overweight, and control subjects' BMI were significantly different from each other. The sample size was calculated based on an expected 0.15 difference in the mean proportion of correct answers between normal-weight and overweight subjects, decreasing from a hypothesized 0.80 to 0.65, with an estimated standard deviation of 0.15 in both groups. Assuming a two-sided statistical significance of 0.05 and a power of 0.80, 16 participants per group would be needed. A sample size of at least 20 subjects per group was deemed as appropriate.
All enrolled subjects were Caucasian and were nonsmoking. Overweight and obese subjects were recruited between January and June 2016 from the Dietology and Clinical Nutrition Department at "Ospedali Riuniti" Academic Hospital, Ancona, Italy. Healthy volunteers were selected in the same period among hospital healthcare professionals and their relatives. Participants were asked to avoid eating and drinking anything except water and not to brush their teeth for one hour prior to testing. To assess the handedness of each subject, the lateralization score was determined using a 10-item inventory as described by Oldfield [18] . Body weight, height, and blood pressure were also measured at enrollment.
Taste Test.
The taste test, performed at the Dietology and Clinical Nutrition Department, is based on filter paper strips [19] soaked with four substances (sodium chloride, citric acid, sucrose, and quinine hydrochloride) to evoke the 4 basic taste qualities (salty, sour, sweet, and bitter), each of which were presented at 4 different concentrations; in addition, pure rapeseed oil and water were administered to evoke fat taste and neutral taste, respectively. Umami was not included in the present test because the concept of this type of taste is difficult to explain and understand in Western countries. The concentrations used are shown in Table 1 . Distilled water was used as a solvent, and taste solutions were freshly prepared on the morning of the testing session. The stimuli were applied to the left and right side of the protruded tongue, just posterior of the anterior third, with filter paper strips soaked in the different solutions. Before each filter paper strip application, participants were asked to wash their mouth with water. The taste presentations were randomized, and the stimulated side of the mouth was alternated, with a single trial for each combination of type of stimulus, concentration, and side of stimulation. Patients were asked to identify the taste from a list of eight descriptions, i.e., "sweet, sour, salty, bitter, oil, water, nothing, I don't know," according to a multiple choice question.
The current study was performed in adherence to the guidelines of the Declaration of Helsinki as revised in 2001, after the protocol was approved by the Review Board of Università Politecnica delle Marche. Written informed consent was obtained from all subjects enrolled in the study prior to the anthropometric parameter measurement and execution of the taste test.
Statistical Analysis.
Statistical analysis was conducted using IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA). The data used in this study were answers repeatedly collected from the same subject to the various types of stimuli. Results are expressed as means ± SD. Differences were considered significant at p < 0 05. The Wilcoxon test was used to determine the influence of BMI on taste recognition. The χ 2 test was used to assess the overall differences in categorical variables (gender and side of the tongue where stimuli were applied); the Cochran-Armitage test for trend was used to analyze the binomial outcomes across ordinal explanatory variables (BMI classes and stimuli concentrations). The multiple Pearson linear regressions were product-moment correlation coefficients computed to assess the relationships between BMI, age, and taste identification. Multivariate logistic regression was used to adjust for confounding factors identified through the results of univariate and stratified analyses.
The overall relationship between taste sensitivity and BMI and age and type of stimulation was analyzed using generalized estimating equations (GEE). In GEE, betweensubject and within-subject correlations are taken into account resulting in a single regression coefficient. The repeated measurements included individuals as subject variables and type of stimulation, substance concentrations, and side of stimulation as intrasubject variables. Answers were used as dependent binary variables, assigning a value = 0 to incorrect answers and a value = 1 to correct answers. Gender, age, BMI, and characteristics of stimulation were used as independent variables. For a better presentation of the results, stimuli concentrations were log-transformed, while age and BMI were computed as a 5-unit increase. Adjusted odds ratios and standard deviations were determined with 95% confidence intervals.
Results
Linear regression analysis demonstrated a general decrease of taste sensitivity with increasing BMI, shown by a reduction of the proportion of correct answers with increasing BMI (F 1, 69 = 10 441; r = −0 36; p = 0 002) (Figure 1(a) ). In addition, overall gustatory sensitivity is modified in relationship to age: a negative correlation was found between the ability to correctly recognize the various tastes and age (F 1, 69 = 10 378; r = −0 36; p = 0 002) (Figure 1(b) ).
Univariate Analysis.
The results of univariate analysis showed an association between the considered variables and the response for all administered taste stimuli except for fat.
In particular, the multiple Wilcoxon signed-rank tests, conducted for each type of taste stimulation, showed that subjects who gave a higher proportion of correct answers were characterized by significantly lower BMI (Figure 2(a) ) and age (Figure 2(b) ), except for fat taste, where no difference was shown.
A decreasing trend of correct responses with increasing BMI classes from normal weight to overweight was observed for sour (the Cochran-Armitage trend test, Z = 1 8, p = 0 001), bitter (p < 0 001), sweet (p < 0 001), and water (p < 0 01) stimuli.
Significant gender-related differences in bitter and water perception were evidenced by multiple χ 2 tests conducted for each type of stimulation, and they showed a higher correct answer rate in women for bitter taste and in men for water taste. Although not significant, univariate analysis indicated that the identification of sweet taste was greater in females ( Table 2) .
In addition, a positive correlation between stimuli concentration and proportion of correct answers was observed for sour, bitter, and sweet stimuli (Table 2) , whereas a correlation was not found regarding the side of the tongue stimulated (data not shown).
On the contrary, regarding fat taste sensitivity, the analyzed variables (BMI, age, gender, and side of the tongue) were not associated with the correct answer rate.
Multivariate Analysis.
For each type of taste stimulation, significant variables obtained by univariate analysis were included in the multiple regression model (Table 3) . Among the variables, BMI displayed a significant correlation with the correct answer rate for sour, bitter, and sweet tastes, confirming the results of the univariate analysis. Concentration, considered as -log 10 , had a significant effect on sour, bitter, and sweet taste identification. The effect of age, computed as a 5-unit increase, was significant for all types of stimulation except for bitter taste, while gender maintained significance only for bitter and water sensitivity, as indicated by the univariate analysis (see Section 3.1). Table 4 shows the results of GEE. The results confirm that overall taste recognition capability is negatively affected by BMI and age and show a higher taste identification rate in females. Specifically, every 5-unit increase in BMI decreases the odds of correctly identifying the correct stimulus by 15%, while every 5-year increase in age decreases the odds of success by 7%. Furthermore, the rate of correct answers decreases with lower stimuli concentration.
Generalized Estimating Equation Model.
Discussion
Obesity is the second leading cause of preventable death worldwide, and its incidence has nearly doubled since 1980. The underlying cause of obesity is a higher energy intake compared to energy expenditure, most likely due to an increased availability of palatable food. The aim of the present study was to determine the relationship, if any, between the perception of the four basic taste stimuli, water, and fat The results showed a general decrease in taste sensitivity corresponding to an increase of BMI, except for fat taste. Other variables affecting taste sensitivity are age (negative association), gender (women generally show higher sensitivity), and taste stimuli concentration (positive association).
The results also showed that regarding the taste of fat, it is not possible to find any association between the considered variables and the response. Most of the participants in all groups gave no answer when stimulated with rapeseed oil; this could be related to the relatively weaker flavor and texture of this oil in comparison with more widespread vegetable oils, such as olive oil. In addition, the side of the tongue that was stimulated showed no differences in correct responses to all six taste stimuli and for all three subject populations.
The study of taste physiology and its relation to human health is receiving growing attention. It has been demonstrated that taste sensitivity is an important tool in regulating nutrient ingestion, in controlling the digestive process, and in releasing neuroendocrine hormones of hunger and satiety. Many studies have focused on changes in taste sensitivity in both physiological and pathological conditions [20] [21] [22] [23] . Our results are in accordance with studies showing that the taste identification capacity in humans decreases with age [24] [25] [26] . Recent evidence from a large cohort of subjects demonstrated an increase in sour-bitter and bitter-sour confusion [27] . Consistently with our findings, the proportion of subjects exhibiting such confusion significantly increases with age, along with an overall impairment of taste sensitivity. However, since odor plays an important role in taste recognition, especially regarding the taste of fat [28] , we need to clarify that our test was conducted with an unobstructed nasal airflow.
A previous paper by Bartoshuk et al. [29] showed that the perception of sweet and fat tastes increases as BMI increases, while Stewart et al. [30] demonstrated an impaired ability to perceive low concentrations of fatty acids with increasing BMI. Our results are inconsistent from those reported in the aforementioned papers, demonstrating a reduced sensitivity for sweet taste only (and not for fat) in overweight subjects and in subjects with obesity. Individuals who are less sensitive to sweetness could be at risk of long-term health outcomes, such as obesity and diabetes, as they will need to introduce more sugar to have the same taste sensation compared to those who are more sensitive. Concerning fat sensitivity, an increase in fat consumption and fatty food preferences may lead to the development of obesity and atherosclerosis [31] . Bitter taste perception, especially in relation to 6-n-propylthiouracil (PROP) taster status, and sour taste have also been studied in relation to BMI; both bitter and sour thresholds have been reported to be raised in subjects with obesity [13, 32] . Such results are fully in accordance with ours, showing an increased proportion of incorrect answers corresponding to the increase of BMI and a significant association of correct answers with the concentration of sour and bitter tastes.
To date, very few articles have studied savory tastes in obesity; data from those studies suggest that overweight women like salty food more than normal-weight women [33, 34] . All these studies suggest that increased BMI is associated with an alteration of taste perception.
The present data also confirm that taste recognition decreases with increasing age, in line with data present in the literature [35] . The physiological changes that occur in the taste buds are one of the main determinants of decreased taste sensitivity with increasing age [36] . Feng et al. showed that the overall number of taste buds and the number of taste cells per taste bud decrease with age, especially in men aged between 74 and 85 years [37] .
Gender influence on taste recognition was also investigated in the present study: it was shown that men were better able to recognize water while women were better in recognizing bitter taste.
Taken together, all this evidence confirms that the relationship between taste sensitivity and BMI is complex. According to our results, a generalized reduction of taste identification ability was found with increasing BMI. This change may affect eating behavior and contribute to increasing calorie intake and preference for savory-salty-fatty food, which in turn may lead to overweight and obesity. However, many parameters may affect sensory processing. After ingestion, taste receptors transmit sensory signals to the brain, which segregates, evaluates, and distinguishes the stimuli, leading to the experience known as "flavor" [38] . The anatomy and physiology of taste buds, the hormonal modulation of taste function, the importance of genetic chemosensory variation, and the influence of gustatory functioning on macronutrient selection and eating behavior should be investigated in each single person, since individual genotypic variation results in specific phenotypes of food preference and nutrient intake. Analyzing the role of taste in food selection and ingestion behavior is important to expanding our understanding of the factors involved in body weight maintenance and the risk of chronic diseases including obesity, atherosclerosis, cancer, diabetes, liver disease, and hypertension.
An alternative but not contrasting hypothesis is that the general decrease of taste sensitivity, especially sweet taste, is not the cause of a BMI increase, but rather the result of a malfunctioning energy monitoring system also at brain (hypothalamic) level. This would result in an alteration of the balance between energy store and utilization. In this view, the reduced sensitivity to sweet taste could be a sign of a central homeostatic mechanism alteration, the causes of which require further investigation.
Conclusion
In conclusion, the finding of reduced taste sensitivity in obese subjects provides new evidence that could be useful for developing new strategies for weight loss and longterm weight maintenance, including dietary approaches combining correct caloric and nutritional supply with individual taste preferences. However, further investigation is certainly needed to gain additional knowledge in the field of food preferences, choice, and intake.
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